B r i e f c o m m u n i c at i o n s
The brain depends almost exclusively on glucose as a source of metabolic energy. Sufficient provision of glucose to the brain is ensured by homeostatic mechanisms, which maintain glycemia at a minimum level of ~5 mM (ref. 1) , and by hedonic mechanisms, which attribute a high reward value to glucose-containing foods to increase the motivation to consume them 2, 3 . In this hedonic response the nucleus accumbens (NAc) plays a central regulatory role by integrating feeding-related inputs originating from several brain areas [4] [5] [6] [7] [8] [9] [10] [11] .
In previous studies, using mice with genetic deletion of Slc2a2 in the nervous system (Slc2a2 ∆/loxP ;Nes Cre/+ , NG2KO mice), we showed that Glut2 is required for the control by glucose of sympathetic and parasympathetic nerve activities 12 . Here we tested whether neuronal Glut2-dependent glucose sensing was also involved in motivated feeding behavior. NG2KO mice and control littermates were monitored during operant conditioning tasks, which associate nose-poking behavior with a light stimulus (conditioned stimulus, CS+) and the delivery of a sweet reward (10% sucrose solution). In a first set of experiments, mice were trained for 30 min daily for 10 d on a fixed ratio 1 schedule of reinforcement (FR1) where they learned to associate the CS+ with sweet reward. Appetitive learning was observed in both genotypes: rewards obtained and active nosepokes performed increased over time (Fig. 1a,b) , whereas inactive nosepokes remained similarly low in NG2KO mice and control mice ( Supplementary  Fig. 1a ), indicating similar learning capacity. However, NG2KO mice performed better in this task (Fig. 1a,b) . Next we subjected mice to a progressive-ratio (PR) schedule consisting of a systematic withinsession increase in the number of nosepokes required to earn each successive reward. NG2KO mice again performed better, with higher numbers of active nosepokes and rewards obtained, and a higher maximal operant response (breakpoint) indicating higher motivation (Fig. 1c-e ). Similar behavioral tasks were then performed with the non-caloric artificial sweetener saccharin. NG2KO mice and control mice performed identically in FR1 (Fig. 1f,g ) and PR ( Fig. 1h-j) experiments, indicating that neuronal Glut2-dependent glucose sensing responds to sucrose and is insensitive to artificial sweeteners.
Operant conditioning is associated with activity of the NAc 13,14 . We therefore investigated whether Glut2-positive neurons or axons could be observed in the NAc using Slc2a2-cre;Rosa26tdTomato mice 15 . We observed numerous red fibers within the medial part of the NAc, mainly close to the anterior commissure and around the ventral end of the lateral ventricle (Supplementary Fig. 2a) . To determine the origin of those fibers, we performed retrograde tracing experiments in which a cholera toxin B subunit-Alexa Fluor 488 conjugate (CTxB) was injected bilaterally in the NAc of Slc2a2-cre;Rosa26tdTomato mice ( Fig. 2a and Supplementary Fig. 2b) . Three weeks later, we screened the entire brain for tdTomato cell bodies labeled with CTxB. We found no tdTomato-CTxB colabeling in the rare Glut2 neurons present in the ventral tegmental area, the prefrontal cortex, the hippocampus or the various hypothalamic nuclei. Colabeled cells were found only in the paraventricular thalamic nucleus (PVT; Fig. 2b ) where 91 ± 1.7% of the PVT Glut2 neurons were also labeled with CTxB.
Next, we assessed whether the firing activity of tdTomato-positive neurons was responsive to changes in extracellular glucose concentrations (Fig. 2c) . In the presence of 5 mM glucose, these neurons showed a low basal activity, which was markedly enhanced in the presence of 0.5 mM glucose. Returning the glucose to 5 mM restored the initial firing activity (Fig. 2d-f) . The same glucose-dependent increase in firing activity was seen in the presence of a cocktail of synaptic inhibitors, indicating that glucose sensing is cell-autonomous (Supplementary Fig. 3a) . When glycolysis was inhibited by 10 mM glucosamine in the presence of 5 mM glucose, firing was significantly increased (Fig. 2g-i) . Fructose at 5 mM failed to suppress firing induced by 0.5 mM glucose (Supplementary Fig. 3b ). Finally, patch-clamp analysis of Glut2 neurons from mice previously injected with 2-deoxy-d-glucose showed that their firing frequency at 5 mM glucose was identical to that seen during exposure to 0.5 mM glucose of Glut2-neurons from naive mice and did not change when glucose was lowered to 0.5 mM (Fig. 2j-l) . tdTomato-negative cells were also recorded in the presence of 5 or 0.5 mM glucose; they were found to be unresponsive to hypoglycemia (Supplementary Fig. 3c ). Thus, PVT Glut2 neurons are activated by low glucose concentrations or by glycolysis inhibition; their firing cannot be suppressed by fructose, and they are responsive to in vivo induced neuroglucopenia.
To investigate the nature of Glut2 projections to the NAc, Slc2a2-cre mice were injected in the PVT with a viral construct allowing Cre-dependent expression of ChR2-eYFP (AAV-DIO-ChR2-eYFP; Fig. 3a ) 16 . Brain slices obtained 3 weeks later displayed numerous eYFP-positive neurons in the PVT and fibers in the NAc (Fig. 3b,c) Feeding behavior is governed by homeostatic needs and motivational drive to obtain palatable foods. Here, we identify a population of glutamatergic neurons in the paraventricular thalamus of mice that express the glucose transporter Glut2 (encoded by Slc2a2) and project to the nucleus accumbens. These neurons are activated by hypoglycemia and, in freely moving mice, their activation by optogenetics or Slc2a2 inactivation increases motivated sucrose-seeking but not saccharin-seeking behavior. These neurons may control sugar overconsumption in obesity and diabetes. (Fig. 3d) , which could be totally abolished by tetrodotoxin, a blocker of action potential-dependent neurotransmitter release (Fig. 3d,e) . The typical fast kinetics of those inward currents suggested they were AMPA receptor (AMPAR) excitatory postsynaptic currents (EPSCs). This was confirmed by the application of the AMPAR antagonist DNQX, which entirely suppressed light-induced EPSCs in all the cells tested ( Fig. 3f,g ). Thus, light stimulation of NAc-projecting PVT Glut2 neurons triggers glutamate release onto NAc MSNs. (b) Active nosepokes (reward: genotype effect, F 1,341 = 47.29, P < 0.0001; interaction, F 9,341 = 0.65, P = 0.7574; active nosepokes: genotype effect, F 1,341 = 29.07, P < 0.0001; interaction, F 9,341 = 0.38, P = 0.9449; two-way ANOVA followed by Bonferroni's test). Under a PR schedule, NG2KO mice showed higher motivation to obtain sucrose as shown by (c) the total number of rewards (P = 0.0314), (d) the number of active nosepokes (P = 0.0320), and (e) the breakpoint (P = 0.03; t-test). With saccharin as the reward (0.2% solution), NG2KO (n = 17) and control (n = 19) littermates behaved identically in FR1 schedules (f,g) (reward: genotype effect, F 1,335 = 0.47, P = 0.4915; interaction, F 9,335 = 0.67, P = 0.7403; active nosepokes: genotype effect, F 1,335 = 0.14, P = 0.7111; interaction, F 9,335 = 0.42, P = 0.9235; two-way ANOVA followed by Bonferroni's test), or PR schedules (h-j) (P > 0.05, t-test). Graphs show means ± s.e.m.; box plots show median, lower and upper quartiles (boxes), and minima and maxima (whiskers). ***P < 0.001; *P < 0.05; n.s., non-significant. . Injection of 2-deoxy-d-glucose increased the firing activity in the presence of 5 mM glucose and blunted the response to hypoglycemia (compare with e; F 2,14 = 0.11, P = 0.8976; one-way ANOVA followed by Bonferroni's test). (l) Individual plots for neurons described in k. Box plots show median, lower and upper quartiles (boxes), and minima and maxima (whiskers). 3V, third ventricle; ***P < 0.001; **P < 0.01; *P < 0.05; n.s., non-significant.
To test the functional role of the PVT Glut2 excitatory inputs onto the NAc, we used an operant conditioning protocol associated with in vivo optogenetic activation of these neurons. Slc2a2-cre mice and control mice were injected in the PVT with an AAV-DIO-ChR2-eYFP and equipped with a fiber-optic cannula. Following recovery, mice were tested during operant conditioning to obtain sucrose. At the beginning of each behavioral session, mice were connected to a light source via an optical fiber and stimulated during the entire duration of the session. During the training and learning period (FR1 schedule), the ChR2-expressing mice consumed significantly more reward (Fig. 3h) and performed more active nosepokes (Fig. 3i) than the control mice. Moreover, during the PR schedule, mice expressing ChR2 showed increased motivated sucrose-seeking behavior by obtaining more rewards and showing increased breakpoint (Fig. 3j,k) . To confirm that increased motivated behavior was light-dependent, we tested the same mice in a PR schedule 1 month later without light stimulation. No difference in motivated behavior was seen between genotypes ( Supplementary Fig. 4b,c) . A similar experiment was repeated but with light stimulation through fiber-optic cannulas placed bilaterally at the NAc level. Light stimulation increased motivated sucrose-seeking behavior as assessed in FR1 and PR schedules (Supplementary Fig. 5 ). When tested 3 d later without light stimulation, the breakpoint value of control mice remained the same and ChR2-expressing mice exhibited motivation levels similar to those seen in controls. Learning during the FR1 protocol was slower than in the previous experiment (Fig. 3h,i) , probably because these mice were implanted with two optical fibers instead of one, which may have hampered their access to the nosepoke holes.
Finally, we inactivated Slc2a2 selectively in the PVT of Slc2a2 loxP/loxP mice by stereotactic injection of an AAV-Cre-GFP (Fig. 3l) . PCR analysis of genomic DNA extracted from the PVT and fluorescence microscopy analysis confirmed proper injection of the virus and recombination of Slc2a2 loxP/loxP allele in the AAV-Cre-GFP injected mice (Supplementary Fig. 6 ). These mice displayed increased motivation to get sucrose compared to control mice as reflected by the higher number of rewards they obtained and increased breakpoint they displayed (Fig. 3m,n) .
Collectively, our data show that Glut2 neurons from the PVT and projecting to the NAc form a population of hypoglycemia-activated glutamatergic neurons that induce EPSCs in MSN neurons. Their firing rate can be increased by glycolysis inhibition but cannot be suppressed by fructose, indicating that they are controlled by 
-test).
Graphs show means ± s.e.m.; box plots show median, lower and upper quartiles (boxes), and minima and maxima (whiskers). AcbC, nucleus accumbens core; AcbSh, nucleus accumbens shell; LV, lateral ventricle; aca, anterior commissure; ***P < 0.001; **P < 0.01; *P < 0.05. 
by hypoglycemia, optogenetics or Slc2a2 inactivation, they increase motivated sugar-feeding behavior, indicating a dominant role in motivated sugar seeking. The possible relevance of these results to human physiology is suggested by the observations that mild hypoglycemia induces marked increases in synaptic activity in PVT 17 and that variants in SLC2A2 are associated with increased intake of sugar-containing foods 18 and conversion from impaired glucose tolerance to type 2 diabetes 19 . This neuronal pathway may therefore represent a target for the prevention of metabolic disease aiming at restoring the normal balance between the homeostatic and hedonic control of food intake.
MeTHods
Methods and any associated references are available in the online version of the paper. rAAV5-TRUFR-GFP (titer, 6.9 × 10 12 particles per ml) at the following injections sites: AP −0.4 / ML +0.8 / DV −3.5 mm (10° angle) and AP −1.6 / ML +0.7 / DV −3.0 mm (10° angle). Each injection consisted of an infusion of 0.25 µl virus at a rate of 0.1 µl min −1 . At the end of the operant conditioning experiments, mice were anesthetized (isoflurane) and killed, and deletion of Glut2 was determined via PCR amplification of genomic DNA from dissected brain tissue containing PVT as previously described 21 . PCR amplification gels were made in duplicates. Injection sites were verified for each mouse at the end of the experiment.
Statistical analysis. Statistical significance was calculated using GraphPad Prism 5.0c (GraphPad Software). The sample size for each experiment was determined based on published studies using similar experimental designs together with pilot experiments from our laboratory. This allowed us to determine the sample size required for each experiment to ensure a statistical power of 0.8 and an alpha level of 0.05. Two-sided Student's t-tests were used to analyze statistical significance between pairs of experimental groups. To ensure variance similarity between compared groups, Fisher's F-tests were performed before each t-test. When multiple comparisons were required, a one-way or two-way ANOVA was performed followed by Bonferroni's post hoc tests. The data distribution was assumed to be normal. Data are represented as means ± s.e.m. Levels of statistical significance are indicated as follows: ***P < 0.001; **P < 0.01; *P < 0.05.
A Supplementary methods checklist is available.
data availability. Data are available upon request from the corresponding author. 
